ear products of metal implants are known to induce biological events which may have profound consequences for the microcirculation of skeletal muscle. Using the skinfold chamber model and intravital microscopy we assessed microcirculatory parameters in skeletal muscle after confrontation with titanium and stainless-steel wear debris, comparing the results with those of bulk materials.
W
Metal implants may undergo severe fretting corrosion at any metal-on-metal contact, resulting in the formation of particulate corrosion products, which may be associated with a cascade of inflammatory events. This may result in bone loss and subsequent failure of the implant from aseptic loosening or even corrosion-related fracture. [1] [2] [3] [4] [5] [6] Wear particles accumulate in tissues in the vicinity of an implant. 3, [7] [8] [9] [10] [11] [12] [13] In 1975 Charnley and Halley 14 recognised that particulate debris was not biologically inert and might have clinical implications, and numerous studies have underlined that a tissue response can be directly related to the corrosion products of metal implants. 3, 6, [15] [16] [17] [18] [19] Intraoperative findings of fibrous encapsulation at the implant-bone interface [20] [21] [22] [23] [24] in loose prostheses as well as histologically-evident foreignbody reactions [25] [26] [27] emphasise this aspect. Wear debris induces monocytes/macrophages, lymphocytes, synoviocytes and fibroblasts to secrete cellular products which mediate inflammation. 28 In connection with biological responses to particulate debris, enzymes and inflammatory mediators capable of stimulating bone resorption such as prostaglandin E 2 , interleukin-1, metalloproteinases, stromelysin, osteoclast-activating factor, tumour necrosis factor alpha and collagenase have been implicated as a principal cause of loosening of an implant. 4, 6, 21, [29] [30] [31] [32] [33] Although the host's chronic response is related to the type, size and amount of particulate wear, 6 ,34 the duration of exposure 22, 24 and the surface characteristics, 27 little is known about the acute implications of wear debris on soft tissue. The nutrition of long bones is substantially dependent on the integrity of adjacent striated muscle, 35, 36 and therefore impairment of its microcirculation may have profound consequences. Bone necrosis may be facilitated and where implants have been inserted, osseous integration may be impeded or loosening observed.
The lack of knowledge in this field may be due partly to a lack of models which can be reduced to a few controllable variables. There are in vitro models, usually based on particle-challenged cells. They all have in common the fact that the capability of the organism to react adequately to a foreign-body stimulus, primarily via the microcirculation, cannot be incorporated. Existing in vivo models such as the subcutaneous pouch 6 attempt to address this aspect, but have the disadvantage of allowing only a brief insight into the host's reaction to debris, since the animals have to be killed for evaluation. To our knowledge, no model has been used which permits the direct observation of the dynamic process of host versus particulate debris. Hence, a focus of our study was to use a standardised model which allows for the continuous in vivo analysis of microcirculatory parameters derived from the confrontation of the host organism with wear debris.
We hypothesised that the wear and corrosion products from stainless steel show a higher cellular response than titanium debris, and that both are more inflammatory to the surrounding tissue than bulk implants. Our aim therefore was to elucidate the effects of titanium and stainless-steel wear debris on the nutritive perfusion and leukocytic response in skeletal muscle in vivo and to compare the results with those of bulk implants of the same material.
Materials and Methods
Animal model. We used Syrian golden hamsters, Mesocricetus auratus, aged between six and eight weeks with a body-weight of 60 to 80 g. They were kept on standard pellet food and water ad libitum. For in vivo fluorescence microscopy a dorsal skinfold chamber was implanted. 37 This contained striated muscle and skin and allowed for repeated analysis of the microcirculation in the awake animal over a prolonged period of time. The model permits the quantitative assessment of microhaemodynamic parameters and cellular mechanisms within the microcirculation of the striated muscle tissue in the awake animal. In addition, microvascular permeability can be analysed, quantifying the extravasation of macromolecules. 38 Under pentobarbital sodium anaesthesia (50 mg/kg body-weight intraperitoneally; Merial, Halbergmoos, Germany) the animals were fitted with two symmetrical titanium frames, positioned on the dorsal skinfold, sandwiching the extended double layer of skin. One layer of skin was completely removed in a circular area of ~15 mm in diameter, and the remaining layers, consisting of striated muscle and subcutaneous tissue and skin, were covered with a removable cover-slip, incorporated into one of the titanium frames. Fine polyethylene catheters (PE, Ø0.28 mm ID; Neolab, Heidelberg, Germany) were inserted into the jugular vein. We allowed a recovery period of 72 hours between surgery and the start of the experiments to eliminate the effects of the anaesthesia and microsurgery on the microvasculature. Bulk implants. We used large samples of 4 mm 2 with a thickness of 0.5 mm of either stainless steel or commercially pure titanium. The steel and titanium implants were made from material identical to that used in plates widely utilised in osteosynthesis according to ISO 5832-1 and ISO 5832-2, respectively. The implants were specifically produced and kindly supplied by the Robert Mathys Foundation, Bettlach, Switzerland. The roughness of the plates was evaluated and controlled using a laser profilometer measuring areas of 1 ϫ 1 mm 2 .
Particulate wear. The fretting wear particles were produced from the same materials as the plates. The 'fretting wear simulator' consists of a laboratory stirrer and a Tefloncoated 'following head'. The latter was studded on the underside with pins of commercially pure titanium or stainless steel of the same quality as that of implants, then placed in a beaker to the bottom of which a disc of the same metal was attached. Ringer's solution was used as lubricant and the beaker was sealed with cling film. Fretting particles were generated as a result of the wobbling movement characteristics of the following head. Most of the generated particles were submicron in size (stainless steel: 98%<1 mm, mean diameter 0.2 mm; titanium: 83% <1 mm, mean diameter 0.6 mm). Details of the production method as well as the size and shape characteristics of the obtained wear debris have previously been reported. 39 The particles were heat-sterilised and filled into a Ø2.2 mm tube, which is locked with a piston at one end. After slight compaction, the height of the titanium and steel particles inside the tube was adjusted to 0.5 mm each, thus controlling for equal wear volume. In addition, the weight was controlled. After filling, the other end of the tube was also closed, and the whole device gamma-sterilised after packaging. The particles were not tested for endotoxin. Implantation technique. Implants/wear debris were brought into position by removing the cover-slip of the titanium frame and placing the corrosion products/metal plate directly on to the striated muscle and subcutaneous tissue Intravital fluorescence microscopic images of postcapillary and collecting venules from a dorsal skinfold preparation before (A and B) and at 30 minutes (C and D), and at 8 (E and F) and 24 hours (G and H) after implantation of stainless-steel wear debris (arrow). Left panels: contrast enhancement by sodium fluorescein; right panels: in vivo leukocyte staining by rhodamine 6G. There is pronounced increase in macromolecular leakage (A versus C, E and G) and marked increase in both venular leukocyte-endothelial cell interaction and transendothelial migration (B versus D and F) within 30 minutes to eight hours after implantation of wear debris. In this group evaluation of leukocyte-endothelial cell interaction at 24 hours was no longer possible because of massive oedema (H) (x 385).
( Fig. 1) . The thickness of the implant was chosen in such a way as not to irritate mechanically or impede the microcirculation after replacement of the cover-slip. No further manipulation of the skinfold chamber occurred after this initial implantation. Experimental groups. The animals were randomly assigned to the following five groups: commercially pure titanium wear debris (Ti-wear; n = 6), stainless-steel wear debris of implant quality (SSt-wear; n = 6), commercially pure bulk titanium (Ti-bulk; n = 6), bulk stainless steel of implant quality (SSt-bulk; n = 6), and a control group (cntrl; no implant, n = 6). Intravital fluorescence microscopy and microcirculatory analysis. For in vivo microscopic observation, the awake animals were immobilised in a plexiglas tube, and the skinfold preparation was attached to the microscope stage. By use of a modified Leica DM-LM-D microscope with a 100-W HBO mercury lamp, attached to a LU 4/25 fluorescence illuminator with an I 3 blue and N 2.1 green filter block (Leica Microsystems, Bensheim, Germany) for epi-illumination, the microcirculation was recorded by means of a chargecoupled device video camera (FK 6990, Cohu; Prospective Measurements, San Diego, California) and images were transferred to a video system for frame-by-frame off-line quantification of the microhaemodynamics. 40 Leukocytes were stained in vivo with rhodamine-6G (0.1 mmol/kg; Merck, Darmstadt, Germany) and classified according to their interaction with the vascular endothelial lining as adherent, rolling or free-flowing cells. Adherent leukocytes were defined in each vessel segment as cells which did not move or detach from the endothelial lining within a specified observation period of 20 seconds and were given as the number of cells per mm 2 of endothelial surface, calculated from the diameter and length of the segment of the vessel studied, assuming a cylindrical geometry. Rolling leukocytes were defined as those white blood cells moving at a velocity of less than two-fifths of the centre-line velocity and were given as a percentage of non-adherent leukocytes passing through the observed vessel segment within 20 seconds. Extravasated leukocytes, i.e. leukocytes which had migrated through the endothelial lining and were definitely no longer within a vessel, were expressed as the number of leukocytes per mm 2 of tissue.
Microvascular permeability was assessed after the intravenous injection of the macromolecular tracer FITClabelled dextran (M r 150000, 100 mg/kg; Sigma Chemical, St Louis, Missouri) into individual arterioles and postcapillary venules by quantifying extravasation of the marker by a computer-assisted image analysis system (Adobe Photoshop, Version 6.0; Adobe Inc, San Jose, California) using densitometric techniques. 40, 41 Baseline (BL) measurements were performed immediately after the intravenous injection of the fluorescent marker and subsequently after 30 and 120 minutes, 8 and 24 hours and 3 and 7 days after plate/particle implantation. For analysis of venular and arteriolar extravasation of FITC-dextran, grey levels were determined densitometrically in the tissue directly adjacent to the vessel wall (E 1 ) as well as in the marginal cell-free plasma layer within the vessel (E 2 ). Extravasation (E) was then calculated as E = E 1 /E 2 . Capillary perfusion was expressed as a percentage reflecting the number of perfused capillaries to all visible capillaries in defined frames as mentioned above. Experimental protocol. BL recordings for the analysis of the leukocyte-endothelial cell interaction and assessment of microvascular permeability included approximately 8 to 10 individual postcapillary and collecting venules. After BL recording, the plates/particles were implanted, taking care to avoid contamination, mechanical irritation or damage to the chamber. Microcirculatory analyses were repeated at 30 and 120 minutes, 8 and 24 hours, and 3 and 7 days after implantation. In control animals identical frames were video-documented, thus allowing assessment of identical vessels throughout the experiment. In experiments with implants some individual blood vessels selected for microscopic study at BL were covered by the implanted material. We therefore had to select microvessels for microscopic study which were different from those analysed at BL. Identical microvessels were studied, however, at time points of 30 and 120 minutes, 8 and 24 hours and 3 and 7 days after implantation. Statistical analysis. The statistical procedure included analysis of variance and Student's t-test for comparison between the groups. A paired Student's t-test was performed for analysing differences within each group. Values are reported as the mean ±SEM, and the level of statistical significance was set at p < 0.05.
Results
General characteristics. Of the 33 animals treated, 30 were finally evaluated. Three died from complications associated with the anaesthesia during the initial fitting of the dorsal skinfold chamber. Implantation of the metal plate or wear debris was tolerated well by the animals. In the group treated with stainless-steel wear debris evaluation of all microvascular parameters was possible only up until eight hours after implantation. Massive oedema of the tissue under investigation in most animals severely impeded further assessment. At 24 hours the skinfold chamber of only two of six animals and at three and seven days of only one animal treated with stainless-steel debris allowed interpretation of the microvascular system of skeletal muscle and was limited to the parameters macromolecular extravasation, change in venular diameter and capillary perfusion. By contrast, assessment in the skinfold chamber was still easily possible seven days after implantation in four of six animals treated with titanium wear debris. In the titanium-bulk group five of six and in the stainless-steel bulk group four of six skinfold chambers were evaluated seven days after implantation. Control animals did not show formation of oedema over the entire observation period. After seven days we found neovascularisation in the direct vicinity of the implant, with sprouting of capillary buds on to the edge of the plate in all animals treated with the bulk titanium implant. Neovascularisation was not observed in any of the other groups.
Under BL conditions most leukocytes did not interact with the endothelial surface of the microvessels under study although in some cases some (~10% to 20%) showed spontaneous rolling along the endothelial lining of postcapillary and collecting venules. There was no marked leakage of FITC-dextran from venules before implantation of a plate or debris, indicating that the microvascular endothelial lining was intact. Leukocyte-endothelial cell interaction (Fig. 2) . In all groups implantation of bulk and wear products led to an activation of leukocytes with a notable increase in the leukocyte endothelial-cell interaction within the first 30 minutes, compared with the control group. This initial increase in rolling and adherent leukocytes was found to be transient in the Ti-plate after 24 hours, and in the Ti-wear group after three days (Figs 3a and 3b) . SSt-plates and SSt-wear induced a massive significant inflammatory response within the first eight hours after implantation (adherent leukocytes (n/mm 2 ): Ti-plate BL, 30.04 ± 3.75 versus 8h 202.68 ± 20.53 (p < 0.05); Ti-wear BL, 35.16 ± 11.07 versus 8h 226.00 ± 37.66 (p < 0.05); SSt-plate BL 40.58 ± 2.72 versus 8h 827.82 ± 167.92 (p < 0.05); SSt-wear, BL 48.31 ± 14.59 versus 8h 753.21 ± 3.96 (p < 0.05). After eight hours, the animals treated with bulk SSt-implants showed signs of recuperation, although venular leukocyte rolling remained persistently high in this group throughout the ensuing observation periods, compared with Ti-bulk, Ti-wear and control groups, with p < 0.05 at 24 hours, and three and seven days, respectively (Fig. 3a) . When compared with all other implant groups, we found diminished leukocyte rolling between 30 and 120 minutes after SSt-wear debris implantation despite persistently high leukocyte adherence in the same observation period. This was interpreted as a transient leukocyte depletion in the course of a pronounced pathological stimulus. Further evaluation of leukocyte-endothelial cell interaction in all animals treated with SSt-debris was not possible after eight hours because of massive inflammation and oedema of the skinfold chamber (Figs 2h, 3a and  3b) . Leukocyte extravasation. Quantification of leukocyte extravasation into tissue showed a marked increase compared with BL values particularly for animals with stainlesssteel implants (Fig. 4) . While SSt, independent of its form of application, led to a massive significant extravasation of leukocytes within the first eight hours after implantation (leukocyte extravasation (n/mm 2 ): SSt-wear BL 5.00 ± 3.16 versus 8h 644.33 ± 81.87 (p < 0.05); SSt-plate BL, 0.00 ± 0 versus 8h 669.50 ± 91.08 (p < 0.05); controls BL 0.00 ± 0 versus 8h 10.50 ± 6.79 (p < 0.05)), Ti-plates induced almost no and Ti-wear products only a moderate leukocyte extravasation (Fig. 4) . Despite a trend towards BL values after 24 hours, leukocyte extravasation in animals treated with Tiwear debris remained clearly above those of Ti-bulk and control groups over the entire period of observation (p < 0.05). Marked oedema of the tissue under investigation made further assessment of leukocyte extravasation in all SSt-wear animals impossible after eight hours. Although animals with SSt-bulk showed a clear tendency towards BL values towards the end of the experiment, leukocyte extravasation remained significantly increased in this group in all observation periods when compared with Ti-bulk and controls (Fig. 4) . Microvascular permeability. In postcapillary and collecting venules extravasation of the macromolecular fluorescent tracer rose significantly 30 minutes after implantation of stainless-steel plates and with both types of wear debris (Fig. 5) . While FITC-extravasation diminished after 120 minutes in chambers treated with Ti-wear debris, a marked increase was found in both groups with SSt reaching levels almost three times greater than those at the observation period at eight hours (p < 0.05) and for the remaining animals in the SSt-wear group even increasing up to day 3 after implantation. Although Ti-wear and SSt-bulk animals showed signs of recuperation after 120 minutes and eight hours respectively, they did not return to BL values. Between eight hours and three days the discrepancy in extravasation of the macromolecular tracer between these groups was found to be significant. Titanium implants induced only a slight increase in leakage when compared with the control group, marginally significant at 120 minutes and 24 hours, yet more pronounced on day 3 (Fig. 5) . Capillary density and perfusion. Capillary density (cm/ cm 2 ) within the chamber preparations did not differ significantly between the groups with mean values ranging from 136 ± 9 cm -1 to 175 ± 10 cm -1 . Under BL conditions capillary perfusion was also similar in all groups with a mean value of ~99% of perfused capillaries showing good perfusion. After implantation of a plate or wear debris there was no noticeable decrease in capillary perfusion within the first 30 minutes, indicating that the implanted material did not mechanically impede microvascular blood flow. The most prominent change (p < 0.05) in capillary perfusion was found in the stainless-steel wear group with a decrease to 88.2 ± 7.2% at eight hours subsequently sinking to 70.6 ± 7.1% in the remaining two animals at 24 hours, and dropping even further to 57.3% in the last remaining animal at seven days. In the animals treated with conventional stainless-steel plates a transient decrease of perfusion amounting to 6% of all visible capillaries became evident after 120 minutes. This was found to be significantly decreased compared with animals with Ti-wear and those with SSt-wear. Although having remained unapparent throughout almost all the observation periods, animals with Ti-wear showed a moderate decrease in capillary perfusion at day 7 (Ti-wear 86.8 ± 4.7 versus Ti-bulk 97.3 ± 0.2 (p = 0.06); Ti-wear 86.8 ± 4.7 versus SSt-bulk 93.7 ± 0.8 (p < 0.05); Ti-wear 86.8 ± 4.7 versus control 95.2 ± 0.6 (p < 0.05). Microvascular diameter. While Ti-bulk-treated animals showed little discrepancy to control animals over the first 24 hours, all other implant groups showed a massive increase in venular diameter in this observation period (Fig. 6) . SStbulk and Ti-wear animals then regained values close to those measured at BL between 24 hours and seven days, while Ti-animals showed a marked decrease in venular diameter in the same observation period. Compared with control animals, this discrepancy was significant. Massive venular dilatation was continuously found in the animals with stainless-steel wear, without any signs of recovery (Fig. 6 ).
Discussion
We found that stainless steel induces a more pronounced inflammatory response than titanium, but we were unable to show a difference between bulk and debris. Titanium wear debris induced a slightly more pronounced inflammatory reaction than its bulk product, especially in regard to extravasation of leukocytes. SSt-wear debris, although initially slightly less inflammatory, had a more marked and persisting negative effect on leukocyte-endothelium inter- Graph showing the mean (±SEM) macromolecular leakage as a parameter of microvascular permeability in postcapillary and collecting venules of striated muscle in the hamster dorsal skinfold preparation before (BL) and 30 and 120 minutes, 8 and 24 hours, and 3 and 7 days after implantation of wear debris/bulk implants (*p<0.05 versus control, #p<0.05 versus Ti-bulk, §p<0.05 versus Ti-wear, °p<0.05 versus SSt-bulk).
action compared with its bulk product. The inflammatory response of the host increased to such an extent that ultimately the microcirculation broke down in most animals within 24 hours after the implantation of particles.
Our results are consistent with data obtained by Chen et al, 6 which showed that particulate debris is capable of inducing an acute inflammatory response. In a study in vitro and in vivo they observed an acute inflammatory process mediated by polymorphonuclear leukocytes with recruitment of leukocytes showing similar dynamics to those in our study. They did not, however, compare these results with bulk implants. As would be expected after implantation of any foreign body, our results show that with bulk implants an early inflammatory response is observed, suggesting that this initial response seems to be a reaction to simply a foreign body and not specifically a reaction to wear debris. The feature which seems to carry more weight in determining the acute foreign-body reaction of the host is the chemical composition of the implant followed by the physical properties of the material. For virtually all quantified parameters the microvasculature of skeletal muscle of animals treated with titanium wear debris showed a lower inflammatory response than that treated with a bulk stainless-steel implant. Despite its particulate form, titanium wear mediated only a moderate inflammatory response. As suggested by x-ray diffraction analysis of wear debris 39 and proven for bulk titanium 3, 42, 43 this may in part be due to kinetic barriers such as the formation of passive oxidation films which protect the local microcirculation from potentially toxic substances of titanium, ultimately playing an important part in determining the biocompatibility of the metal. Our observations for stainless steel can most probably be explained by chemical constituents which are capable of eliciting highly cytotoxic reactions and inducing an immunological response within the host, primarily the elements chromium 44, 45 and nickel. [46] [47] [48] The kinetics of leukocyte-endothelial-cell communication in inflammation have been intricately described and have been shown to involve specific adhesion molecules including the CD11/CD18 glycoprotein complex on the surface of leukocytes 49 and Pand E-selectins on the surface of endothelial cells. 50 In numerous studies early sequestration and accumulation of leukocytes in proximity to a pathogenic impulse have been observed. 47, 51 Among the phagocytic cells, leukocytes not only affect the microvasculature, but are said to induce parenchymal cell injury by release of cytotoxic substances such as reactive oxygen metabolites including superoxide anion and hydrogen peroxide. 52 Furthermore, it has been postulated that released constituents of stainless steel are capable of causing direct toxic impairment of the endothelial lining 48 again facilitating a local inflammatory response with recruitment of leukocytes and release of mediators resulting in further endothelial damage. The fragile local equilibrium and tolerance level are surpassed, causing irreversible endothelial injury as indicated by the massive macromolecular leakage. The effect which this pathological insult has on host tissue may explain the massive oedema and parenchymal injury observed in the group treated with conventional stainless-steel implants which is even more pronounced in those treated with stainless-steel wear debris. This discrepancy may possibly be explained by the enlarged surface area of the debris as a whole, as well as the increased tissue-metal contact area in debris-treated animals, in all probability playing a key role in the amount of chemical dissolutes released. In this context diffractometeranalyses of SSt-wear have suggested that free nickel occurs in the oxidised surface of wear particles, 39 implying that a significantly higher concentration of nickel can diffuse into the surrounding tissue from wear than from the bulk product in which nickel is bound within the alloy solution. Model. Concern has been raised with respect to the implications of wear debris on tissue surrounding orthopaedic implants. [3] [4] [5] [6] [15] [16] [17] [18] [19] This justified the comparative evaluation in vivo of the wear products of stainless steel and pure titanium of implant quality as used in orthopaedic surgery, utilising a model which allowed for the observation and quantification of the dynamic processes of host versus foreign body. Previous experiments 39, 47 have shown that the dorsal skinfold chamber model can be standardised and allow the analysis in vivo of microvascular perfusion, the behaviour of leukocyte flow and change in vascular permeability, delivering quantitative data on numerous parameters derived from the confrontation of the host organism with an implant.
There are, however, critical aspects of this model which should also be addressed. While our results concerning the effects of stainless-steel wear debris on soft tissue are alarming, it should be considered that the same wear volume is generated more rapidly with titanium implants, than with stainless-steel implants. 39 Furthermore, our model differs from the clinical situation in that particulate exposure was performed as a bolus, whereas in the clinical setting, particle release is continuous, and an adequate longterm reaction by the biological system can be expected, probably avoiding such marked reactions as observed here. The effects of surface area, surface roughness and particulate size, shape and number of the local inflammatory response of the host and particle dissemination remain to be elucidated in further studies focusing on these individual confounding variables. Clinical implications. In the clinical situation, peri-implant fluids contain significant amounts of both particulate and soluble metal. 13 Particularly, with orthopaedic implants, localised mechanical stress or fretting may damage passivating oxide layers, and cause an increase in corrosion and wear particles. The microcirculatory inflammatory response of skeletal muscle after bone and soft-tissue injury 53 and subsequent inevitable iatrogenic trauma during orthopaedic surgery, is massive. It can be easily appreciated that in this vulnerable state, further impairment of the local microcirculation induced by an implant or its wear products may have profound consequences. Our results may in part explain why the complication rate for titanium implants is significantly lower than for conventional stainless-steel plates, particularly concerning the susceptibility to bacterial infection. 54 Overall, our study suggests that not only the bulk properties of orthopaedic implants but also the local microcirculatory effects of inevitable wear debris may play an important role in determining long-term biocompatibility. With a minimum of adverse host reaction, our results indicate that titanium still represents the material of choice in orthopaedic implants, particularly since its wear debris also seems to show a comparatively low inflammatory potential.
Although we were not able to show a difference between bulk and debris our results show that, depending on its constituents, wear debris is capable of eliciting an acute inflammation which may result in marked endothelial damage and subsequent failure of microperfusion in skeletal muscle. We suggest that the tolerance of an implant by the fragile microvasculature of skeletal muscle is determined primarily by chemical and dissolution properties of the implant material. In cases of continuous release of wear debris, it seems possible that recurrent acute inflammatory responses may at some stage culminate in a chronic inflammatory reaction. We therefore postulate that wear debris may affect reparative processes and play an important role in determining the biocompatibility and longevity of an implant, all the more considering that tribochemical reactions can change the composition of wear particles when compared with bulk material.
The skinfold chamber is a feasible and versatile model for the observation of the microvascular response after implantation of a foreign body.
